The ␤-catenin pathway plays a central role in transcriptional signaling and cell-cell interactions in colonic epithelium. Alterations of the expression of ␤-catenin, and its binding partners E-cadherin and the adenomatous polyposis coli protein (APC), are frequent events in sporadic colorectal cancer. Ulcerative colitis (UC)-related cancers originate in a field of chronic inflammation and therefore may have different alterations in the ␤-catenin pathway than sporadic cancers. To test this hypothesis, expression and subcellular localization of ␤-catenin, E-cadherin, and APC were detected by immunohistochemistry in paraffin sections from 33 UC-related and 42 sporadic colorectal cancers. Although ␤-catenin and E-cadherin expression were predominantly limited to the lateral cell membrane in normal colonic epithelium, both tumor groups showed an overall shift from membranous to cytoplasmic expression for these proteins. An increase in nuclear localization of ␤-catenin and a decrease in cytoplasmic APC expression also were seen in both cancer groups compared with normal epithelium. Abnormal ␤-catenin expression was more closely linked to E-cadherin alterations in UC-related cancers than in sporadic cancers. In contrast, abnormal ␤-catenin expression was more closely linked to APC alterations in sporadic cancers than in UCrelated cancers. These data suggest that alterations of the ␤-catenin pathway are important in both UC-related and sporadic colorectal cancers. However, differences in the expression patterns of ␤-catenin, E-cadherin, and APC between UCrelated and sporadic colorectal cancers suggest that the specific alterations in this pathway may differ in these two cancer groups.
␤-catenin is a multifunctional protein that is involved in cell-cell interaction and transcriptional signaling (1) (2) (3) (4) (5) . ␤-catenin expression is largely regulated by its two major binding partners, E-cadherin on the membrane and the adenomatous polyposis coli (APC) protein in the cytoplasm (6) . In normal colonic epithelial cells, ␤-catenin is predominantly bound to E-cadherin as part of a cell-cell adhesion complex on the lateral cell membrane. Cytoplasmic ␤-catenin levels are regulated by binding to a protein complex consisting of APC, glycogen synthase kinase-3␤, and axin, followed by ubiquitin/proteasome degradation (7) (8) (9) .
␤-catenin is thought to play a critical role in sporadic colorectal tumorigenesis (4) . Although mutations of ␤-catenin itself are infrequent in sporadic tumors, alterations of ␤-catenin expression are common and in great part are associated with disturbances in the expression of E-cadherin and APC (1, 2, 4, 7, 10 -13) .
Ulcerative colitis (UC)-related neoplastic progression may be associated with different ␤-catenin pathway alterations than sporadic carcinogenesis because of its origin in a field of chronic inflammation. Altered E-cadherin expression has been reported in a small number of UC-related cancers (14 -16) . Expression patterns of ␤-catenin and APC have not yet been studied in UC-related cancers.
The aim of this study was to investigate alterations of the ␤-catenin, E-cadherin, and APC path-way in UC-related colorectal cancers by defining the expression and subcellular localization of these proteins in a series of UC-related and stagematched sporadic cancers.
MATERIALS AND METHODS

Clinical Materials
Thirty-three UC-related cancers were identified from the pathology archives of the University of California, San Francisco (15 cases) and from Munich University (18 cases). All UC patients had a history of longstanding disease (Ͼ7 years), and their tumors had arisen from UC-affected colonic mucosa. Forty-two archival sporadic cancers were selected from these two institutions to match for pathologic stage. Staging was done according to criteria established by the Union Internationale Contre le Cancer (17) . Sporadic tumors were obtained from patients with no family history of colon cancer and no personal history of inflammatory bowel disease. Normal surgical margins and adjacent normal colonic mucosa from the sporadic colectomy specimens served as normal controls.
Immunohistochemistry
␤-catenin
Monoclonal mouse anti-human ␤-catenin (Transduction Laboratories, Lexington, KY) was used at a dilution of 1:5000 or 1:1000. Five-micrometer sections of the paraffin-embedded, formalin-fixed tissue blocks were pretreated for antigen retrieval by microwaving in 10 mM citrate buffer (pH 6.0) for 15 minutes at high power. The tissue was then incubated with the primary antibody overnight at 4°C. Staining was visualized using avidin-biotin complex (Vectastain Elite ABC-Kit, Vector Labs, Burlingame, CA) with 3.3Ј diaminobenzidine tetrahydrochloride (3,3Ј-diaminobenzidine), and counterstaining was done with hematoxylin. All stain runs included normal colonic mucosa from both pathology archives as normal controls. A difference in staining intensity between the normal controls from the San Francisco and Munich groups was observed. To match intensities, two antibody concentrations were used (1:1000 for Munich cases, 1:5000 for San Francisco cases). The HeLa cell line was used as a positive control.
E-cadherin
Monoclonal mouse anti-human E-cadherin (Zymed, South San Francisco, CA) was diluted 1:1000 and incubated for 1 hour at room temperature. Pretreatment, visualization, and counterstaining were as above. A breast cancer case with known loss of E-cadherin expression was used as a positive control.
Adenomatous polyposis coli protein
Polyclonal rabbit anti-human C-terminal APC (Santa Cruz Biotechnology, Santa Cruz, CA) was used at a dilution of 1:500 and incubated overnight at 4°C. No microwave pretreatment was used. Visualization and counterstaining were as above. Two colon cancer cell lines (SW480, SW403) with truncating mutations of the APC gene were used as positive controls.
Scoring
The fraction of tumor cells with positive staining for ␤-catenin, E-cadherin, and APC was recorded in deciles. Different subcellular locations were evaluated separately for each antibody. Scoring for nuclear ␤-catenin included additional intervals of Յ1%, Ͼ1 and Յ5%, and Ͼ5 and Յ10% positive cells. The staining intensity for each antibody was recorded as ϩ3, equally intense as normal; ϩ2, weaker than normal but distinctly visible at low power; ϩ1, weaker than normal and only barely visible at low power; and 0, absent. An average intensity of staining for each antibody in each subcellular location was calculated.
Scoring was done without knowledge of tumor group. Reproducibility of scoring was Ͼ85% both within and between scorers.
Statistical Analysis
The mean and standard deviation of percent positivity and intensity were calculated for all the antibodies. Cutoff values for abnormal staining patterns were defined by the mean percentage of stained cells in the normal controls, Ϯ2 SD. Because the scoring was done in deciles, the cutoff values were set to the decile closest to the mean Ϯ 2 SD. For ␤-catenin, the cutoff values for abnormal staining were Յ90% for membranous staining, Ͼ30% for cytoplasmic staining, and Ͼ1% for nuclear staining. For E-cadherin, the cutoff values were Յ90% for membranous staining and Ͼ30% for cytoplasmic staining. For APC, the cutoff value was Յ50%. At least 25 normal controls were assessed for each antibody. Comparison between normal controls and the two tumor groups as well as between the two tumor groups were made using the nonparametric Fisher's exact test.
RESULTS
Immunohistochemical staining for ␤-catenin, E-cadherin, and APC was performed on 33 UCrelated and 42 sporadic colorectal cancers to identify the specific expression pattern of these proteins in UC-related cancers and to define differences in the expression pattern between the two groups. The two tumor groups showed a similar distribution of stage and grade ( Table 1 ). The patients in the UCrelated group were younger and were more likely to Normal staining is predominantly membranous, whereas tumors show decreased membranous and increased cytoplasmic and nuclear staining. Note that in this UC-related tumor, positive nuclear staining is found predominantly at the invasion front (bottom), whereas the invasion front is not seen in the photo of the sporadic tumor.
have left-sided tumors than were those in the sporadic group.
␤-Catenin Expression
Normal colonic mucosa ␤-catenin staining was seen predominantly at the lateral membrane of normal colonic mucosa (Fig.  1 ). Cytoplasmic staining was observed adjacent to the lateral cell borders of apical colonocytes. Nuclear expression of ␤-catenin was present in rare basal colonocytes in 4 of 27 normal samples (Fig. 4 , Table 2 ). Cutoff values for abnormal staining (mean Ϯ 2 SD) were calculated as membranous staining in Յ90% of cells, cytoplasmic staining in Ͼ30% of cells, and nuclear staining in Ͼ1% of cells.
UC-related cancers
The fraction of cells showing membranous ␤-catenin staining was significantly lower in UCrelated cancers than in normal colonic mucosa, as was their staining intensity (Table 2) . Membranous expression was abnormal in 79% of the UC-related tumors ( Table 3 ). The fraction of cells showing cy- toplasmic staining was increased, as was their staining intensity. Cytoplasmic expression of ␤-catenin was above normal in 88% of the UCrelated tumors. The fraction of cells with nuclear ␤-catenin staining was also increased in UC-related tumors, as was their staining intensity. Increased nuclear staining was observed in 48% of the UCrelated cancers. Cells with nuclear ␤-catenin expression were predominantly located in clusters along the invasion front of the tumor.
Sporadic cancers
The fraction of cells showing membranous ␤-catenin staining was decreased in sporadic cancers, as was their staining intensity. Eighty-three percent of the sporadic cancers showed abnormal membranous expression. The frequency and intensity of cytoplasmic staining was increased, with 95% of the sporadic tumors showing abnormal cytoplasmic ␤-catenin expression. Nuclear expression of ␤-catenin was also increased with respect to frequency and intensity, with 81% of the tumors showing abnormal nuclear expression. Cells with nuclear ␤-catenin expression were predominantly located in clusters along the invasion front of the tumors.
Comparison of UC-related and sporadic tumors
Both tumor groups showed a similar pattern of decreased membranous and increased cytoplasmic expression of ␤-catenin. However, nuclear expression of ␤-catenin was less frequent and less intense in UC-related than sporadic tumors. Abnormal nuclear staining was seen in 48% of UC-related versus 81% of sporadic cancers (P Ͻ 0.01, Table 3 ).
E-Cadherin Expression
Normal colonic mucosa
Normal colonic mucosa showed continuous membranous expression of E-cadherin along the lateral cell borders in 100% of cells (Fig. 2) . Cytoplasmic E-cadherin expression was seen in apical colonocytes. Cutoff values for abnormal staining (mean Ϯ 2 SD) were calculated as membranous staining in Յ90% of cells and as cytoplasmic staining in Ͼ30% of cells.
UC-related cancers
The fraction of cells showing membranous E-cadherin staining was significantly lower in UCrelated cancers than in normal colonic mucosa ( Fig.  5 ; Table 2 ), as was their staining intensity. Membranous staining was disrupted in 67% of the tumors. Ninety-four percent of the UC-related cancers showed abnormal membranous E-cadherin expression (Table 3 ). The fraction of cells showing cytoplasmic staining was increased, as was their staining intensity. Abnormal cytoplasmic E-cadherin expression was seen in 30% of the UC-related cancers. b Difference between UC-related and sporadic cancers.
Sporadic cancers
The frequency and intensity of membranous E-cadherin staining was decreased, with 60% of the sporadic tumors showing abnormal membranous expression, although a disrupted membranous staining pattern was seen in only 33% of the cases. Cytoplasmic expression of E-cadherin was increased with respect to both frequency and intensity, with 71% of the sporadic cancers being abnormal.
Comparison of UC-related and sporadic tumors
Both tumor groups showed an overall pattern of decreased membranous and increased cytoplasmic staining for E-cadherin. Membranous E-cadherin expression was more often abnormal in UC-related tumors than in sporadic tumors (P Ͻ 0.01, Table 3 ). In contrast, cytoplasmic expression was less often abnormal in UC-related tumors (P Ͻ 0.01).
APC Expression
Normal colonic mucosa
APC showed a gradient of cytoplasmic staining throughout the colonic crypt. Basal cells were generally negative for APC, with increasing proportion and intensity of staining toward the surface and 100% positivity at the luminal surface (Fig. 3) . The average percentage of stained cells was 72% ( Fig. 6 ; Table 2 ). A cutoff value for abnormal staining (mean Ϯ 2 SD) were calculated as Յ50% cells stained. No membranous or nuclear staining was seen.
UC-related cancers
The fraction of cells showing cytoplasmic APC staining was significantly lower in UC-related cancers than in normal colonic mucosa, as was their staining intensity. Seventy-six percent of the UCrelated tumors showed abnormal APC expression (Table 3) .
Sporadic cancers
Cytoplasmic APC staining was decreased in frequency and intensity in the sporadic tumors, with 88% of the sporadic cancers showing abnormal staining.
Comparison of UC-related and sporadic tumors
The difference in the staining pattern for APC between the two groups was not significant.
␤-Catenin, E-Cadherin, and APC Associations
If the pool of free cytoplasmic ␤-catenin is regulated by its binding partners E-cadherin and APC, then abnormal membranous E-cadherin expression or abnormal APC expression should result in abnormal cytoplasmic ␤-catenin expression. If the increase in the cytoplasmic pool of ␤-catenin and/or the lack of functioning APC is responsible for increased nuclear trafficking of ␤-catenin, then abnormal cytoplasmic ␤-catenin and/or abnormal APC expression should result in abnormal nuclear ␤-catenin expression. To test whether our immunohistological data could provide support for these pathway associations, the associations among ␤-catenin, E-cadherin, and APC staining were investigated.
The association between abnormal E-cadherin membranous staining and abnormal ␤-catenin cytoplasmic staining was stronger in UC-related cancers than in sporadic cancers (P ϭ 0.038 for a difference between the two tumor groups, Table 4 ). This was not true for the association between abnormal cytoplasmic E-cadherin staining and abnormal cytoplasmic ␤-catenin staining. In contrast, a smaller number of UC-related cancers, compared with the sporadic tumors, demonstrated abnormal staining of both APC and cytoplasmic ␤-catenin (P ϭ 0.161 a the difference between the two tumor groups, Table 5 ). In the UC-related cancers, no association was found between the abnormal staining of ␤-catenin in the cytoplasm and nucleus, whereas such an association was present in the sporadic cancers (P ϭ 0.003 for a difference between the two tumor groups, Table 6 ). Further, in the UC-related cancers, no association was found between abnormal APC staining and nuclear ␤-catenin staining, whereas again this association was present in the sporadic cancers (P ϭ 0.024 for a difference between the two tumor groups, Table 7 ).
DISCUSSION
␤-catenin plays a major role in cadherin mediated cell-cell adhesion as well as in transcriptional signaling in colonic epithelium. Alterations of ␤-catenin expression are likely to affect both of these functions (18) . ␤-catenin expression is frequently altered in sporadic colorectal cancers (1, 2, 7, 11, 19) , whereas very little is known about its expression in UC-related cancers. In this study, immunohistochemistry was used to define the expression of ␤-catenin, and its two binding partners E-cadherin and APC, in UC-related colorectal cancers.
Immunohistochemical evaluation offers several advantages, including the ability to work with small archival tumor specimens and the ability to detect small populations of cells with altered protein expression. However, we are mindful of the limitations of this approach. Alterations in immunostaining are neither completely sensitive nor specific for alterations in protein expression. Changes in antigen availability may occur because of posttranslational modification or other intracellular processes. Further, immunohistochemistry provides no direct information on the precise mechanism of altered protein function. Follow-up studies examining the genetic and epigenetic events underlying the alterations detected by immunostaining are required. Similar alterations of ␤-catenin staining were seen in the UC-related and sporadic colorectal cancers. A decrease in membranous ␤-catenin expression and increases in cytoplasmic and nuclear ␤-catenin expression were observed in the UCrelated cancers, similar to that seen elsewhere in sporadic colorectal cancers (1, 11) . The increase in nuclear expression, however, was less frequent in the UC-related (48%) than in the sporadic tumors (81%).
The relative lack of ␤-catenin expression in the nuclei of UC-related tumors and the absent link between cytoplasmic and nuclear expression may indicate that ␤-catenin-mediated transcriptional signaling is less important in UC-related than in sporadic cancers. Alternatively, the relative absence of nuclear ␤-catenin expression may be due to additional alterations of downstream proteins in UCrelated cancers, such as Tcf/Lef transcription factors, or the nuclear stability of the protein may differ from that in sporadic tumors.
Mutations of the ␤-catenin gene are rare in sporadic colorectal cancers and therefore are not the cause of altered ␤-catenin expression in these tumors (4, 10, 20) . Mutations in Exon 3 of the ␤-catenin gene were also not detected in this set of UC-related cancers (data not shown). Alterations in ␤-catenin protein expression and subcellular localization in both tumor groups are therefore more likely due to alterations of one of ␤-catenin's binding partners, E-cadherin or APC.
A substantial decrease in membranous E-cadherin expression, with a concomitant increase in cytoplasmic E-cadherin expression, was observed in both UCrelated and sporadic colorectal cancers. Disturbances of E-cadherin mediated cell-cell adhesion with decreased membranous and increased cytoplasmic expression of E-cadherin have been previously described in sporadic colorectal cancers (2, 21, 22) and in UC-related cancer (14) . The primary mechanism proposed for loss of E-cadherin expression in sporadic colorectal cancer is gene silencing by hypermethylation of the promotor region (23) (24) (25) (26) (27) . Cytoplasmic redistribution of E-cadherin has been reported to be caused by the down-regulation of its tyrosine phosphorylation (28) . The mechanism of E-cadherin alteration in UC-related cancers remains unclear. Allelic loss of the E-cadherin locus (16q22.1) is an infrequent event in UC-related cancers (14, 19) and cannot account for alterations in protein expression.
A more pronounced decrease in membranous E-cadherin expression and a higher frequency of disrupted membranous staining was observed in UCrelated than in sporadic tumors. Also, the linkage between membranous E-cadherin and cytoplasmic ␤-catenin expression was stronger in UC-related than sporadic cancers. This suggests that E-cadherin is driving the alteration of ␤-catenin expression in UCrelated cancers. The decrease in membranous E-cadherin may be an early event in UC-related tumorigenesis because decreased membranous E-cadherin expression also can be detected in UCaffected, nondysplastic colonic mucosa (15, 16) . The increase in cytoplasmic E-cadherin expression, however, was less pronounced in UC-related tumors.
APC expression was decreased in 76% of the UCrelated cancers and in 88% of the sporadic cancers. In sporadic colorectal cancers, loss of APC function in targeting ␤-catenin for its degradation is thought to account for most of the alterations in ␤-catenin expression (4, 7, 29 -31) . APC mutation and loss of heterozygosity on 5q are frequent and early events in sporadic colorectal carcinogenesis (19, (32) (33) (34) (35) (36) (37) (38) . Loss of APC expression as detected by immunohistochemistry or Western blot analysis is seen in 50 to 80% of sporadic colorectal tumors (39, 40) . The role of APC in UC-related carcinogenesis is controversial. There is evidence of frequent loss of heterozygosity at 5q in UC-related cancers and dysplasias, and the APC protein was found to be truncated in 40 to 50% of a small series of UC-related cancers (19, 36, (41) (42) (43) . However, APC mutations within the mutational cluster region appear to be infrequent in UC-related neoplasia (44, 45) .
A strong link was seen between alterations in APC and ␤-catenin expression in the sporadic tumors. However, the link between APC and ␤-catenin expression was not as clear in the UC-related cases. This may suggest that APC is not as important in regulating the cytoplasmic and nuclear ␤-catenin pool or that there are parallel pathways involved in UC-related cancers that contribute to altered ␤-catenin expression.
In summary, despite their origin in an inflammatory field, UC-related cancers show alterations in the expression of ␤-catenin, E-cadherin, and APC that are similar to those seen in sporadic cancers. However, differences in the staining patterns between the two tumor groups suggest that E-cadherin is more important in regulating ␤-catenin expression in UC-related cancers, whereas APC seems to be more important in sporadic cancers.
